1. Introduction {#s0005}
===============

Fabry disease (FD) is an X-linked disorder caused by the deficiency of lysosomal enzyme *α*-galactosidase A, resulting in progressive intracellular accumulation of glycosphingolipids in different tissues including the skin, kidneys, vascular endothelium, ganglion cells of the peripheral nervous system, and the heart [@bb0005]. Cardiac involvement is characterized by progressive left ventricular (LV) hypertrophy that mimics the morphologic and clinical features of hypertrophic cardiomyopathy [@bb0010; @bb0015; @bb0020], with diastolic LV dysfunction and preserved LV ejection fraction until the end stage of the disease [@bb0025].

Patients with FD often complain of muscular pain, fatigability, and asthenia, which may involve deambulation and motor performance of the superior limbs. Heart failure and diastolic dysfunction can be responsible for exercise intolerance and muscle fatigue, inducing secondary skeletal muscle abnormalities [@bb0030; @bb0035]. On the other hand, peripheral nervous system involvement by FD can influence motor performance [@bb0040]. In the present study, we sought to investigate whether primary muscle involvement can be responsible for the muscle disturbances observed in patients with FD and compared the pathologic pattern of skeletal and cardiac myopathy.

2. Materials and methods {#s0010}
========================

2.1. Patient population {#s0015}
-----------------------

The study population included 12 patients with FD, with ages ranging from 24 to 58 years. In all patients, the diagnosis of FD was based on the identification of *α*-galactosidase A mutations and, in male patients, on the detection of low *α*-galactosidase A activity in peripheral leukocytes [@bb0045]. Our patient population was divided into 2 groups on the basis of an age cutoff of 35 years because cardiac involvement becomes evident as LV hypertrophy after 35 years of age [@bb0005].

Four patients were younger than 35 years (group A, 4 men; age, 27.0 ± 2.6 years) and were symptomatic for palpitation and/or angina and muscular cramps, whereas 8 were older than 35 years (group B, 6 men, 2 women; age, 49.6 ± 7.2 years) and were symptomatic for angina and dyspnea on effort, as well as for pain and fatigability of limb-girdle muscles during exercise. At the time of the study, no patients were on enzyme replacement therapy.

2.2. Cardiac studies {#s0020}
--------------------

Extensive clinical examination, including the assessment of FD systemic manifestations, and noninvasive cardiac studies (resting electrocardiogram, echocardiography with tissue Doppler analysis, cardiac magnetic resonance) were performed in all patients as previously described [@bb0050]. Invasive cardiac studies were performed after patient written informed consent and approval by the ethics committees of our institution and included cardiac catheterization, selective coronary angiography, LV angiography, and biventricular or LV endomyocardial biopsy. Serum levels of cardiac troponin I, total creatine phosphokinase, and cardiac (creatine kinase MB) and skeletal muscle (creatine kinase MM) isoenzymes were assessed in all patients.

2.3. Muscle evaluation {#s0025}
----------------------

The voluntary contraction for the deltoid, biceps brachii, quadriceps femoris, and tibilias anterior muscles was measured according to the British Medical Research Council Scale [@bb0055]. For the assessment of the maximum voluntary isometric contraction, each movement was performed bilaterally and held for 3 to 5 seconds, with 6 to 12 seconds of rest between each movement. The previously mentioned muscles were also studied with needle electromyography to evaluate the muscular activity and with ultrasound to obtain images in longitudinal and transversal views. In addition, needle muscle biopsies of the vastus lateralis were performed using a Bard Biopsy instrument (Bard, Covington, GA) with a 14-gauge needle as described [@bb0060].

2.4. Evaluation of peripheral nerve function {#s0030}
--------------------------------------------

Sensory and motor neurographies (sural, peroneal, median, and ulnar nerves) according to conventional methods were performed [@bb0065]. The following parameters were assessed: motor conduction velocity, distal latencies, compound muscle action potential amplitudes, sensory conduction velocity, and sensory action potential amplitude. Standardized distal distances for motor and sensory studies were used.

2.5. Histopathologic and ultrastructural studies {#s0035}
------------------------------------------------

Endomyocardial and skeletal muscle samples were processed for routine histologic and histochemical analyses including Sudan black, Masson trichrome, and elastic van Gieson stainings. Additional samples were fixed in 2% glutaraldehyde in 0.1 mol/L phosphate buffer (pH 7.3) and embedded in Epon resin; semithin sections were processed for Azur II staining, and ultrathin sections were stained with uranyl acetate and lead hydroxide for transmission electron microscopy [@bb0050].

2.6. Morphometry {#s0040}
----------------

The cardiomyocyte diameter at the nuclear level in transversely cut cells [@bb0050] and skeletal myocyte cross-sectional diameter in transverse sections were computed [@bb0070] and compared with normal biopsies in 5-*μ*m-thick paraffin-embedded histologic sections stained with hematoxylin and eosin. The cell area occupied by storage vacuoles was evaluated as the percentage of the total cardiomyocyte or skeletal myocyte area measured by electron microscopy in at least 25 cells from 10 micrographs [@bb0045].

Histologic sections stained with Masson trichrome were examined at ×400 magnification, with a reticule containing 42 sampling points (105844; Wild Heerbrugg Instruments, Gals, Switzerland) to determine the percent area occupied by fibrous tissue [@bb0050]. The structure of intramural coronary and skeletal muscle arteries was examined on elastic van Gieson--stained paraffin sections, and the examination was confined to those that were viewed in a cross section without obvious obliquity and those that did not appear to be branches of another intramural vessel [@bb0075]. The ratio of external diameter to luminal diameter was computed (E/L ratio) and used as a quantitative index for the degree of luminal narrowing [@bb0075]. Nikon Nis Elements BR software (Nikon Instruments Inc., Melville, NY) was used.

Controls for morphometric analysis consisted of surgical LV endomyocardial biopsies from patients with mitral stenosis and quadriceps muscle biopsies from healthy controls. In particular, the endomyocardial fragments, although not obtained from healthy individuals, were derived from a chamber without overload and were considered the samples nearest to normal endomyocardial tissue.

2.7. Statistical analysis {#s0045}
-------------------------

Normal distribution of the explored variables was assessed using the Kolmogorov-Smirnov and Shapiro-Wilk tests. Continuous variables were presented as mean ± SD. Categorical variables were presented as absolute frequencies or percentages. Between-group comparisons of variables showing normal distribution and homogeneous variance (as assessed by the Levene test) were performed using a 1-way analysis of variance; in the case of between-group significant differences, a post hoc analysis was performed using the Scheffé test. Between-group comparisons of variables not showing normal distribution were performed using the Kruskal-Wallis test; in the case of overall between-group significant differences, direct comparisons were performed using the Mann-Whitney test. In case of multiple comparisons, Bonferroni correction was applied to control the experiment with respect to type I error probability. Significance between 2 groups was determined using the Student *t* test for continuous variables. A 2-tailed *P* ≤ .05 was considered statistically significant.

3. Results {#s0050}
==========

3.1. Patient population and clinical studies {#s0055}
--------------------------------------------

Clinical, echocardiographic, genetic, cardiac, and skeletal muscle morphometric characteristics of the 12 patients are shown in [Table 1](#t0005){ref-type="table"}. In [Table 2](#t0010){ref-type="table"}, the comparison between group A and B patients and healthy subjects (group C) is presented.

Patients were from 7 different families. Patients 1, 2, 7, and 9 belonged to the same family. Patients 4, 5, and 6 belonged to another family. The remaining 5 patients were from different families. Patient 8 was the only one affected by the cardiac variant of FD.

Troponin I was elevated in 5 of the 12 patients (1 from group A and 5 from group B, reference value \<0.15 ng/mL), whereas creatine phosphokinase and creatine kinase MB and creatine kinase MM fraction were normal in all patients. None of them smoked, had hypercholesterolemia, or had diabetes or hypertension. Cardiac magnetic resonance confirmed the morphologic and functional data observed by echocardiography and showed late-gadolinium enhancement in none of group A patients, in 5 (62%) of 8 group B patients, and in all cases localized in the basal or basal-medium segments of the inferolateral LV wall.

In 4 patients in group A, the results of muscle clinical evaluation, skeletal muscle ultrasound ([Fig. 1](#f0005){ref-type="fig"}A), and electromyography were normal. In group B, clinical muscular evaluation showed mild muscle weakness and pain, and the skeletal muscle echographic findings revealed a moderate to severe muscular disarray of deltoid and quadriceps femoris ([Fig. 2](#f0010){ref-type="fig"}A), whereas electromyography showed mild signs of myopathy.

All group B patients had LV hypertrophy, documented by basal electrocardiogram and echocardiography ([Table 1](#t0005){ref-type="table"}; [Fig. 1](#f0005){ref-type="fig"}B); whereas in group A, the thickness of cardiac walls was within the upper normal limit ([Table 1](#t0005){ref-type="table"}; [Fig. 2](#f0010){ref-type="fig"}B).

All nerve conduction studies in the patients with FD showed latencies, amplitudes, and conduction velocities within normal limits.

3.2. Histologic, morphometric, and ultrastructural studies {#s0060}
----------------------------------------------------------

Both cardiac and muscle biopsy procedures were well tolerated in all patients, and no periprocedural complications were registered.

Skeletal myocytes from group A patients did not show the presence of glycosphingolipid vacuoles either histologically or by electron microscopy ([Fig. 1](#f0005){ref-type="fig"}C). Glycosphingolipid deposits were present only in the endothelial and smooth muscle cells of intramural vessels that showed normal thickness ([Fig. 1](#f0005){ref-type="fig"}E). Conversely, in cardiomyocytes of group A patients, histologic examination showed the presence of perinuclear vacuoles containing a material that, on frozen section, stained positively with periodic acid--Schiff stain and Sudan-Black, suggesting the accumulation of glycosphingolipids. Electron microscopy revealed that these vacuoles consisted of concentric lamellar figures in single membrane--bound vesicles (myelin bodies), diagnostic for FD ([Fig. 1](#f0005){ref-type="fig"}D). Intramural arteries showed endothelial and smooth muscle cell glycosphingolipid infiltration without lumen narrowing ([Fig. 1](#f0005){ref-type="fig"}F).

Skeletal myocytes from group B patients showed the presence of glycosphingolipid vacuoles localized in the subsarcolemmal region, often in the perinuclear area, consisting of typical myelin bodies ([Fig. 2](#f0010){ref-type="fig"}C). Myocyte diameter was slightly and not significantly increased compared with healthy controls, and glycosphingolipid vacuoles occupied, on average, less than 20% of the cell area ([Tables 1 and 2](#t0005 t0010){ref-type="table"}). Muscle fibrosis was increased. Lumen narrowing of muscle arterioles with glycosphingolipid deposits either in endothelial and smooth muscle cells or in perivascular areas of fibrofatty replacement were also detected ([Fig. 2](#f0010){ref-type="fig"}E). Cardiomyocytes were bigger, and the percentage of the cell area occupied by glycosphingolipids was wider compared with group A ([Tables 1 and 2](#t0005 t0010){ref-type="table"}; [Fig. 2](#f0010){ref-type="fig"}D). Moreover, morphometric analysis showed an increase in interstitial and replacement fibrosis in group B compared with group A and healthy controls ([Table 2](#t0010){ref-type="table"}). Most (\>50%) of the intramyocardial arteries from patients with FD in group B showed lumen narrowing with wall thickening due to hypertrophy and proliferation of smooth muscle cells, both engulfed by glycosphingolipids, and due to increased fibrosis of the medial and intimal layer ([Fig. 2](#f0010){ref-type="fig"}F). Myocardial replacement fibrosis surrounding severely narrowed intramural coronary arteries was often present.

Typically, in the female patient, the cardiac and the muscle involvement showed a patchy distribution because of the pattern of inactivation of the X chromosome [@bb0020].

4. Discussion {#s0065}
=============

Muscle involvement in FD patients with frequent complaints of fatigability and pain of the proximal limb muscles is not completely clarified because these symptoms are often considered a consequence of diastolic heart failure or related to peripheral nerve involvement. Muscle function and pathology have been described mostly in single-case reports [@bb0080; @bb0085; @bb0090; @bb0095] and in a small study [@bb0100], without any comparison with cardiac pathology. Our study analyzed the clinical, functional, and structural findings of the skeletal muscles from a cohort of FD patients with various degrees of muscle disturbances, showing that the disease causes direct skeletal muscle infiltration with milder and delayed compromise compared with cardiac involvement.

4.1. Muscle involvement in FD {#s0070}
-----------------------------

At variance with the involvement of cardiomyocytes observed in both the patient populations studied, skeletal myocytes appeared to be involved only in the older patients, showing intracellular glycosphingolipid accumulation mainly located in the subsarcolemmal region. In addition, even in cases with an advanced disease, this infiltration was limited in extent, involving no more than 20% of the cell area. This is in accordance with the normal dimension of myocytes and the preserved muscle volume observed. Interestingly, the endothelial and smooth muscle cells of intramuscular vessels were always affected, confirming the predominant role of vessel involvement in FD. Indeed, renal, coronary, and brain vessels are an early and important target of the disease, resulting in coronary microvascular dysfunction [@bb0075], progressive renal failure, and cryptogenic stroke, respectively, where FD accounts for 7% of cases in the young (\<40 years) population [@bb0105].

Involvement of the skeletal muscle was reflected in our patients as muscular cramps in the early phase and as muscular pain, fatigability, and asthenia, involving deambulation and motor performance and constraining patients\' everyday activity and quality of life in the advanced disease.

Instrumental analysis was normal in the younger group, whereas the older group was characterized by the presence of muscle disarray and hyperechogenic areas during echography and mild signs of myopathy in electromyography, mainly localized in the proximal limb muscles (deltoid and quadriceps femoris). The presence of fibrofatty replacement surrounding the intramural narrowed arteries and the global increase in muscular fibrosis are most likely the consequences of both myocyte infiltration and, possibly, myocyte death due to local ischemia, followed by reparative phenomena.

All patients had normal sensory and motor neurography, similarly to what has been reported in previous studies, despite the clinical and histologic alterations observed in the peripheral nervous system [@bb0005]. Most likely, this is because motor and sensory nerve conduction studies evaluate mainly large myelinated fibers and not the small and unmyelinated nerve fibers that are most affected in FD [@bb0100].

4.2. Correlation between cardiac and skeletal muscle involvement {#s0075}
----------------------------------------------------------------

Both cardiac and skeletal muscle involvement in FD are progressive and minimally symptomatic in the early phase of the disease. Indeed, the patients with early FD cardiomyopathy had normal clinical, echographic, and functional skeletal muscle parameters. Skeletal muscle ultrastructural findings in these cases revealed only mild glycosphingolipid accumulation in smooth muscle and endothelial cells, without narrowing of intramural vessels. In the heart, the perinuclear vacuoles occupied up to 30% of the cardiomyocyte area, and the intramural vessels did not show lumen obstruction.

In the 8 cases with advanced FD cardiomyopathy, there was a more severe muscle involvement, but the amount of the intramyocyte glycosphingolipid accumulation was higher in the heart (up to 50% of the cell area) than in the muscle (up to 20%). A possible explanation could be related to the difference in the activity of the quadriceps femoris, a voluntary muscle that contracts mainly in response to stimuli, and the heart that contracts spontaneously and continuously. Likewise, the influence of cell activity on glycosphingolipid accumulation in FD has been already documented in low-stress, not-affected veins compared with higher-stress affected arteries [@bb0110]. Moreover, the predominant postmitotic status of cardiomyocytes can prevent their replacement by enzyme-supplied precursors [@bb0115], whereas in the skeletal muscle, resident stem cells supplied by the exogenous enzyme can actively contribute to regeneration of normal or nearly normal myofibers [@bb0120].

Intramural vessel narrowing showed a similar severity in the heart and in the skeletal muscle. This is consistent with the recently demonstrated presence, in patients with FD, of a circulating smooth muscle cell--proliferating factor [@bb0125] that can act in intramural vessels of the heart and the skeletal muscle independently from the severity of the intracellular deposits.

5. Conclusions {#s0080}
==============

The skeletal muscle is a target of FD, which is affected even in young and minimally symptomatic subjects. Muscle symptoms are independent from cardiac disease and result from skeletal myocyte and vessel involvement.
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![Comparison between skeletal (left column) and cardiac (right column) muscles in a 26-year-old man with early FD (patient 2). Echo findings are normal for both skeletal (A) and cardiac (B) muscles. Histology and electron microscopy of skeletal myocytes (C; left and right panels, respectively) fail to document storage material, whereas histologic examination and electron microscopy of cardiomyocytes (D; left and right panels, respectively) show appreciable glycosphingolipid deposits (arrows). Both skeletal (E) and myocardial vessels (F) show equal degree of smooth muscle cell (E and F; left panel, arrows) and endothelial cell (E and F; right panel, arrows) infiltration without lumen narrowing. C, Left panel: Azur II, ×600 magnification; right panel: scale bar corresponds to 2 *μ*m. D, Left panel: Azur II, ×400 magnification; right panel: scale bar corresponds to 10 *μ*m, and inset scale bar corresponds to 1 *μ*m. E, Left panel: Azur II, ×600 magnification; right panel: scale bar corresponds to 2 *μ*m. F, Left panel: Azur II, ×600 magnification; right panel: scale bar corresponds to 2 *μ*m.](gr1){#f0005}

![Comparison between skeletal (left column) and cardiac (right column) muscles in a 43-year-old man with advanced FD (patient 7). Muscle echography (A) shows disarray of the muscular structure (reduction of hyperechogenic and increase of hypoechogenic areas), and echocardiography (B) shows a remarkable increase in LV wall thickness. Muscle histologic examination and electron microscopy (C; left and right panels, respectively) reveal mild glycosphingolipid accumulation in the subsarcolemmal region (arrows) compared with severe cardiomyocyte engulfment by storage material (D; left panel \[histology\], right panel \[electromicroscopy\], arrows). Conversely, a similar degree of muscular (E) and myocardial vessel (F) endothelial and smooth muscle cell involvement (arrows) determining lumen narrowing (L) and increased perivascular fibrosis is observed. C, Left panel: Azur II, ×600 magnification; right panel: scale bar corresponds to 5 *μ*m. D, Left panel, Azur II, ×600 magnification; right panel: scale bar corresponds to 2 *μ*m. E, Left panel, hematoxylin and eosin, ×200 magnification; right panel: Azur II, ×600 magnification. F, Left panel: hematoxylin and eosin, ×400 magnification; right panel: Azur II, ×600 magnification.](gr2){#f0010}

###### 

Characteristics of the 12 study patients with FD

  Characteristics                                                 Group A    Group B                                                                                               
  --------------------------------------------------------------- ---------- ---------- ------- ------- --------- --------- ---------- ------- ----------- --------- ------------- -------
  Age (y)                                                         24         26         30      28      40        58        43         53      57          53        52            40
  Sex                                                             M          M          M       M       M         F         M          M       F           M         M             M
  Genotype                                                        c946delG   c946delG   G328R   Q279K   Q279K     Q279K     c946delG   N215S   c946del G   Y216C     c427delACTT   R220X
  Troponin I (ng/mL)[a](#tf0005){ref-type="table-fn"}             0.05       0.03       1.03    0.08    0.04      1.34      0.09       1.65    1.20        2.00      1.00          0.09
  Cardiac symptoms                                                P          P          P       P       A, D, P   A, D, P   A, D       A       A, P        A, D, P   D, P          D, P
  Muscle symptoms                                                 C          C          C       C       P, F, C   P, F      P, F       F, C    F, C        P, F      P, F, C       F, C
  Echocardiography                                                                                                                                                                 
   MWT (mm)                                                       12.0       11.8       11.5    12.0    18.5      17.0      21.0       16.5    19.0        23.0      21.0          17.0
   EF (%)                                                         70         56         60      65      65        68        57         60      70          67        55            59
  Cardiac morphometry                                                                                                                                                              
   Cardiomyocyte diameter (*μ*m)                                  20.5       21.3       20.2    19.8    28.0      36.0      37.8       35.2    35.9        35.5      34.2          28.7
   Glycolipid deposit area (%)[b](#tf0010){ref-type="table-fn"}   37.3       32.3       26.7    30.3    48.1      50.2      55.0       59.3    50.1        48.5      63.3          43.1
   Fibrosis (%)                                                   2.9        4.4        4.2     3.5     6.1       15.0      8.3        9.2     14.0        18.6      16.0          5.3
    Interstitial                                                  1.9        3.8        3.5     3.0     4.1       6.0       5.0        4.0     6.0         9.0       5.5           3.2
    Perivascular                                                  0.2        0.6        0.5     0.3     0.5       3.8       1.0        1.2     3.6         4.4       4.0           0.8
    Replacement                                                   0.8        0.0        0.2     0.2     1.5       5.2       2.3        4.0     5.4         5.2       6.5           1.3
   E/L ratio[c](#tf0015){ref-type="table-fn"}                     2.0        1.5        1.8     1.7     2.7       4.0       2.8        3.2     3.3         5.3       4.3           2.6
  Muscle morphometry                                                                                                                                                               
   Myocyte diameter (*μ*m)                                        59.6       60.3       58.9    62.3    75.3      73.4      63.2       66.3    59.4        65.2      70.3          65.4
   Glycolipid deposit area (%)[b](#tf0010){ref-type="table-fn"}   0.0        0.0        0.0     0.0     12.1      11.3      16.6       25.1    15.4        22.0      19.4          9.5
   Fibrosis (%)                                                   1.5        1.0        2.0     1.0     2.8       4.3       4.0        3.8     4.5         5.2       6.2           4.0
    Interstitial                                                  1.3        0.8        1.2     0.6     1.1       1.5       1.5        1.3     1.6         1.3       1.5           1.5
    Perivascular                                                  0.2        0.2        0.8     0.4     0.2       0.6       0.5        0.9     0.7         1.4       1.4           1.1
    Replacement                                                   0.0        0.0        0.0     0.0     1.5       2.2       2.0        1.6     2.2         2.5       3.3           1.4
   E/L ratio[c](#tf0015){ref-type="table-fn"}                     1.6        1.1        1.4     1.6     3.0       3.9       3.2        3.0     3.5         4.3       4.0           2.6

Abbreviations: A, angina; D, dyspnea; P, palpitation (cardiac) or pain (muscle); F, fatigability; C, cramps; MWT, maximal wall thickness; EF, ejection fraction; M, male; F, female.

Troponin I reference value \<0.15 ng/mL.

Calculated as the percentage of the total cell area, excluding nuclear area.

External/lumen ratio of intramural arteries, average value.

###### 

Comparison of clinical, echocardiographic, and morphometric data among patients with FD younger than 35 years (group A), older than 35 years (group B), and healthy controls (group C)

  -----------------------------------------------------------------------------------------------------------------------------------------------------
  Characteristics                                         Group A (n = 4)   Group B (n = 8)   Group C (n = 10)   *P*[a](#tf0020){ref-type="table-fn"}
  ------------------------------------------------------- ----------------- ----------------- ------------------ --------------------------------------
  Age (y)                                                 27.0 ± 2.6        49.6 ± 7.2        41.4 ± 8.4         \<.001 A vs B\
                                                                                                                 \<.001 A vs C

  Echocardiography                                                                                               

   MWT (mm)                                               11.8 ± 0.2        19.1 ± 2.3        9.9 ± 1.0          \<.001 B vs A\
                                                                                                                 \<.001 B vs C

   EF (%)                                                 62.8 ± 6.1        62.6 ± 5.6        61.2 ± 4.6         NS

   E/A ratio                                              1.3 ± 0.1         1.0 ± 0.1         1.4 ± 0.2          NS

  Tissue Doppler velocities                                                                                      \<.001 A vs C\
                                                                                                                 \<.001 B vs C

   Septal Sa (cm/s)                                       7.8 ± 0.6         5.9 ± 0.8         14.5 ± 1.7         

   Septal Ea (cm/s)                                       8.4 ± 0.5         5.5 ± 0.5         15.2 ± 1.8         

   Septal Aa (cm/s)                                       8.6 ± 0.6         6.2 ± 0.5         10.4 ± 1.3         

   Septal Ea/Aa (cm/s)                                    0.98 ± 0.02       0.89 ± 0.06       1.5 ± 0.1          

   Septal E/Ea (cm/s)                                     9.7 ± 1.1         13.6 ± 2.7        5.5 ± 0.7          

   Lateral Sa (cm/s)                                      8.3 ± 0.5         8.8 ± 0.5         14.2 ± 1.6         

   Lateral Ea (cm/s)                                      8.8 ± 0.5         6.1 ± 0.4         14.8 ± 1.6         

   Lateral Aa (cm/s)                                      8.9 ± 0.5         6.4 ± 0.4         10.2 ± 1.3         

   Lateral Ea/Aa (cm/s)                                   0.99 ± 0.02       0.96 ± 0.03       1.5 ± 0.3          

   Lateral E/Ea (cm/s)                                    9.2 ± 0.9         12.2 ± 1.8        5.6 ± 0.8          

  Cardiac morphometry                                                                                            

   Cardiomyocytes diameter (*μ*m)                         20.5 ± 0.6        33.9 ± 3.6        12.0 ± 2.8         \<.001 B vs A\
                                                                                                                 \<.001 B vs C\
                                                                                                                 .001 A vs C

   Glycolipid area (%)[b](#tf0025){ref-type="table-fn"}   31.5 ± 4.4        52.2 ± 6.6        --                 \<.001 B vs A

   Fibrosis (%)                                           3.8 ± 0.7         11.6 ± 5.0        3.7 ± 2.0          .003 B vs A\
                                                                                                                 \<.001 B vs C

    Interstitial                                          3.1 ± 0.8         5.4 ± 1.8         3.3 ± 1.9          

    Perivascular                                          0.4 ± 0.2         1.4 ± 1.7         0.4 ± 0.2          

    Replacement                                           0.3 ± 0.3         3.9 ± 2.0         0.0 ± 0.0          

   E/L ratio[c](#tf0030){ref-type="table-fn"}             1.8 ± 0.2         3.5 ± 0.9         1.6 ± 0.2          \<.001 B vs A\
                                                                                                                 \<.001 B vs C

  Muscle morphometry                                                                                             

   Myocyte diameter (*μ*m)                                60.3 ± 1.5        67.3 ± 5.3        61.3 ± 7.3         NS

   Glycolipid area (%)[b](#tf0025){ref-type="table-fn"}   --                16.4 ± 5.5        --                 

   Fibrosis (%)                                           1.4 ± 0.5         4.4 ± 1.0         1.3 ± 0.5          .02 B vs A\
                                                                                                                 .001 B vs C

    Interstitial                                          1.0 ± 0.3         1.4 ± 0.5         1.0 ± 0.4          

    Perivascular                                          0.4 ± 0.3         0.9 ± 0.4         0.3 ± 0.2          

    Replacement                                           0.0 ± 0.0         2.1 ± 0.6         0.0 ± 0.0          

   E/L ratio[c](#tf0030){ref-type="table-fn"}             1.4 ± 0.2         3.4 ± 0.6         1.4 ± 0.2          \<.001 B vs A\
                                                                                                                 \<.001 B vs C
  -----------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: MWT, maximal wall thickness; EF, ejection fraction; NS, not statistically significant; Sa, systolic myocardial velocity at the mitral annulus; Ea, early diastolic myocardial relaxation velocity at the mitral annulus; Aa, myocardial velocity associated with atrial contraction at the mitral annulus.

*P* values refer to the comparison between groups.

Calculated as the percentage of the total cell area, excluding nuclear area.

External/lumen ratio of intramural arteries, average value.
